Abstract-The vasodilation induced by systemic insulin infusion is mediated by nitric oxide and is impaired both in obese subjects and patients with essential hypertension. Whether this vascular defect explains the metabolic resistance to insulin action is uncertain. In 8 overweight male patients with essential hypertension, we used the double forearm (ie, infused versus control) technique, combined with the euglycemic hyperinsulinemic clamp, to test whether sustained vasodilation (induced by intra-arterial sodium nitroprusside infusion) improves insulin-mediated glucose uptake. During the clamp, whole-body glucose disposal rose to 24.4Ϯ2.9 mol ⅐ min Ϫ1 ⅐ kg Ϫ1 . Forearm blood flow in the control forearm was stable (3.1Ϯ0.4 versus 2.9Ϯ0.3 mL ⅐ min Ϫ1 ⅐ dL Ϫ1 ), while in the infused forearm it increased from 3.4Ϯ0.5 to 10.6Ϯ1.3 mL ⅐ min Ϫ1 ⅐ dL Ϫ1 in response to sodium nitroprusside. During insulin administration, tissue glucose extraction rose from 2Ϯ1% to 21Ϯ4% (PϽ.001) in the control forearm and from 2Ϯ1% to 8Ϯ3% in the infused forearm (PϽ.02 versus baseline for both); the calculated net glucose uptake reached similar plateaus in the two forearms (3.5Ϯ0.7 versus 3.7Ϯ0.6 mol ⅐ min Ϫ1 ⅐ kg Ϫ1 , control versus infused, Pϭ.6). We conclude that in overweight male patients with essential hypertension, increasing forearm perfusion with sodium nitroprusside does not attenuate the insulin resistance of forearm tissues. (Hypertension. 1998;31:632-636.)
ssential hypertension, like obesity and non-insulin-dependent diabetes, is a condition associated with reduced sensitivity of skeletal muscle tissues to the action of insulin on glucose uptake. 1, 2 In all these conditions, the limb vasodilation that follows systemic insulin infusion also appears to be impaired, [3] [4] [5] although this finding is not totally consistent. 6, 7 It has been hypothesized that through this vascular response, which improves target tissue perfusion, insulin promotes its own metabolic action. 8 Consequently, a defect in insulininduced vasodilation has been proposed to play a role in the pathogenesis of the insulin resistance of these conditions. We have previously demonstrated that when forearm perfusion is increased with the use of adenosine, the insulin resistance of overweight patients with essential hypertension was unaffected. 9 However, it has recently been documented that insulin exerts its vascular effects mainly through the stimulation of NO synthesis. 10, 11 In addition, in normal subjects the inhibition of NO synthesis with L-NMMA resulted in an attenuation of insulin-mediated glucose uptake, 8 while stimulation of NO synthesis with metacholine 12 produced an increase in insulinmediated glucose uptake. Therefore, the vasodilation obtained with adenosine may not adequately mimic that produced by hyperinsulinemia and therefore may be metabolically ineffective. Since endothelium-dependent vasodilation is defective in both essential hypertension 13 and obesity, 14 and since acetylcholine-induced vasodilation is not entirely NO mediated, 15 stimulation of NO synthesis by acetylcholine in these conditions may not be the right tool to experimentally reproduce NO-mediated vasodilation. Therefore, we used sodium nitroprusside as a pharmacological NO donor to test whether in patients with essential hypertension skeletal muscle insulin resistance could be overcome by circumventing the functional defect of the forearm vasculature.
Methods

Subjects
Eight male patients with essential hypertension were recruited from the Hypertension Clinic (Table) . Each patient had a complete clinical workup to exclude secondary forms of hypertension, diabetes, and hepatic, renal or other endocrine diseases. All subjects were consuming a weight-maintaining diet, and their antihypertensive treatment was discontinued 3 weeks before the study. The purpose, nature, and potential risks of the study were explained to all patients, and their informed consent was obtained at recruitment. The study protocol was approved by the Institutional Review Board.
Experimental Protocol
The study begun at 8:30 AM after an overnight (12 to 14 hours) fast, with the subject lying supine in a quiet room with a constant temperature of 21°C to 24°C. A Teflon catheter (20-gauge, 2-in) was inserted retrogradely into a deep vein of each forearm. The cannula was considered to be correctly placed if its tip could not be palpated and if it sampled blood with an oxygen saturation Ͻ75%. Another Teflon cannula (20-gauge) was inserted percutaneously into the brachial artery under local anesthesia (2% xylocaine). Hereinafter, the forearm instrumented with the arterial catheter will be called the infused forearm and the contralateral forearm the control forearm. Another catheter (20-gauge, 2-in) was inserted into an antecubital vein of the control forearm anterogradely for the infusion of insulin and glucose.
The study consisted of two periods, basal and clamp; during the basal period, four sets of blood samples were drawn from the artery and from the deep vein of both forearms for the determination of blood gases and plasma glucose. Total FBF was measured in both forearms by strain-gauge plethysmography (Vasculab Strain-Gauge Plethysmograph SPG 16, Meda Sonics) immediately after each blood sampling. Each blood flow determination was the mean of at least three consecutive measurements. Blood pressure was measured by means of a mercury sphygmomanometer immediately after each blood flow measurement. Heart rate was measured over 20-second periods by counting the arterial pulses recorded by the plethysmograph. Before each blood sampling and during blood flow measurement, blood circulation to the hand was interrupted for 2 to 3 minutes by inflation of a pediatric cuff around the wrist at suprasystolic pressure. After baseline determinations, a primed (230 pmol ⅐ kg Ϫ1 over 7 minutes) and continuous (10 pmol ⅐ min Ϫ1 ⅐ kg Ϫ1 ) infusion of regular insulin was started through the superficial antecubital vein, while plasma glucose was maintained constant at basal values by means of a variable 20% glucose infusion. After the insulin prime, sodium nitroprusside (Sclavo SpA) was infused into the brachial artery at an initial rate of 1 g ⅐ min Ϫ1 . The infusion rate was then adjusted to achieve at least a doubling of basal FBF; the titration period lasted 5 to 15 minutes, and the final infusion rate ranged from 3.9 to 12.0 g ⅐ min
Ϫ1
. During the subsequent period, which lasted for the entire duration of the clamp, minor adjustments (Ϯ1 g ⅐ min
) of the infusion rate were made to maintain the achieved FBF as constant as possible.
When FBF, exogenous glucose infusion rate, and arterial plasma glucose concentration were all judged to be relatively stable (70 to 100 minutes after the start of the insulin infusion), another four sets of blood samples were collected, and FBF and blood pressure were measured at 5-to 10-minute intervals. To avoid systematic differences, the infused forearm was the dominant arm in 4 patients and the nondominant arm in the other 4 patients.
Blood and Plasma Determinations
Each blood sample was divided into 3 aliquots: (1) 1 mL was collected in heparinized microtubes for the determination of plasma glucose; (2) 2 mL was collected in chilled tubes containing sodium EDTA for the determination of insulin (Insik 5, Sorin Biomedica); and (3) 1.5 mL was collected in heparinized syringes for immediate blood gas determination and oxymetry (Instrumentation Laboratory [IL] System 1302 and IL 282 CO-Oxymeter).
Calculations
All forearm data are presented in four different ways: (1) arterio-deep venous (A-V) concentration difference, (2) extraction ratio (ie, (A-V)/A); (3) standard net balance calculation (total FBFϫA-V concentration difference); and (4) net substrate balance divided by the oxygen balance measured in the same blood sample pair. Calculation 2 provides an index of the intrinsic efficiency with which a substrate is handled when total FBF and tissue flow partition are constant. During vasodilation, if the increased FBF results from an increased flow velocity through already perfused tissue, substrate content in a draining deep vein will increase in exact proportion to the rise in blood flow, thereby reducing the extraction ratio. Alternatively, if all of the increase in FBF results from capillary recruitment in previously unperfused or underperfused tissue, the substrate content in the deep vein will remain unchanged. Between these two extremes, variable combinations of faster blood flow and capillary recruitment will determine the actual substrate content of deep venous blood. By comparing the changes in extraction ratio with the concomitant changes in blood flow, the extent of capillary recruitment can be estimated. Calculation 3 is the standard way of expressing balance data for comparison with previous results. The rationale for calculation 4 is as follows. The greater part of forearm oxygen consumption (V O 2 ) is contributed by muscle oxidations (and is therefore reflected in deep venous oxygen content) because of the predominantly glycolytic metabolism of superficial tissues. The ratio of a substrate balance to the concomitant oxygen balance is a fully flow-independent measure (FBF cancels out in the quotient). It relates the changes in substrate handling to the concomitant level of oxygen metabolism in muscle (ie, the mass of metabolically active tissue). Thus, the substrate-to-oxygen ratio takes into account any recruitment phenomenon and corrects for basal differences in forearm muscularity and deep vein drainage.
Whole-body glucose disposal (M) was estimated by averaging the glucose infusion rates every 20 minutes and then adjusting for changes in the body glucose pool (assuming a distribution volume of 0.25 L ⅐ kg Ϫ1 ).
Statistical Analysis
For each four sets of measurements within each study period, ANOVA for repeated measures was first performed to assess intraindividual variability. When ANOVA indicated statistically insignificant changes, the four sets of values were averaged, and paired t test analyses were then used to compare basal versus clamp and infused versus control values. ANOVA for doubly repeated measures (over the two study periods and the two forearms) was also carried out on the mean values; with this design, the effect of sodium nitroprusside was evaluated as an interaction term (forearmϫstudy period).
Results
During the clamp, both systolic and diastolic blood pressure decreased from baseline (154Ϯ4/101Ϯ3 to 141Ϯ5/ 94Ϯ3 mm Hg, PϽ.05 for both), whereas heart rate showed a small but significant increase (from 60Ϯ3 to 63Ϯ4 bpm, PϽ.05). In response to the primed-continuous insulin infusion, which produced a stable plateau of 890Ϯ118 pmol ⅐ L Ϫ1 , whole-body glucose disposal increased as a function of time, approaching a steady state after 70 minutes (Fig 1) . The M value of the last 40 minutes averaged 24.4Ϯ 2.9 mol ⅐ min Ϫ1 ⅐ kg
Ϫ1
. At baseline, blood flow in the control forearm was slightly lower compared with that in the con- , Pϭ.06), which remained stable throughout the clamp (except for a 10% increase from 0 to 60 minutes, during which blood flow was measured without excluding circulation to the hand). In the infused forearm, after the titration period of sodium nitroprusside (0 to 20 minutes), blood flow was maintained relatively stable throughout the remainder of the study. Over the last 40 minutes, sodium nitroprusside infusion rates ranged from 3.9 to 12.0 g ⅐ min Ϫ1 (mean, 9Ϯ0.9 g min
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Ϫ1
) and elicited a mean 286% rise in FBF with respect to baseline (Fig 1) . Arterial and deep venous plasma glucose concentrations were stable during both the baseline period and the final 30 minutes of the clamp (Fig 1) . At baseline, deep venous hemoglobin oxygen saturation in the control forearm was lower than in the infused forearm (57.7Ϯ3.3% versus 69.1Ϯ2.4%, PϽ.03); this resulted in a greater oxygen extraction (40Ϯ4 versus 29Ϯ3%, PϽ.04), which coupled with the lower blood flow rate yielded similar rates of oxygen consumption in the two forearms (10.2Ϯ1.3 versus 9.2Ϯ1.4 mol ⅐ min Ϫ1 ⅐ dL
). During the clamp, oxygen consumption rose in both the control and infused forearms (to 12.7Ϯ2.2 and 11.5Ϯ1.8 mol ⅐ min Ϫ1 ⅐ dL Ϫ1 , respectively; PՅ.05 for both), with no significant difference between the two. Since neither blood flow nor A-V glucose and oxygen gradient changed significantly during either study period (ANOVA for repeated measures), the four determinations of the baseline period and those of the 70-to 100-minute interval were averaged. As depicted in Fig 2, with insulin glucose extraction rose more than 10-fold in the control forearm (from 1.8Ϯ0.7% to 21.2Ϯ3.9%, PϽ.001) but only 4-fold in the infused forearm (from 1.9Ϯ0.5% to 8.4Ϯ2.5%, PϽ.02). When glucose extraction was multiplied by the glucose input into the limb (arterial concentrationϫFBF), glucose uptake rates were superimposable in the two forearms (3.5Ϯ0.7 versus 3.7Ϯ0.5 mol ⅐ min Ϫ1 ⅐ dL
, control versus infused, Pϭ.6). The oxygen to glucose ratios also were similar in the control and infused forearm (Fig 2) . Glucose uptake was correlated with whole-body glucose disposal in each forearm (rϭ.79, PϽ.03 and rϭ.86, PϽ.01, control and infused forearm, respectively), and the slope of the two regression lines was similar (0.18Ϯ0.06 and 0.17Ϯ0.06 kg ⅐ dL Ϫ1 in the control and infused forearms, respectively).
Discussion
In this study, a relatively high insulin infusion rate (10 pmol ⅐ min Ϫ1 ⅐ kg
Ϫ1
) was used to maintain A-V glucose gradients large enough to exceed the measurement error of plasma glucose (ie, 2%) under conditions of vasodilation in insulinresistant individuals. Mean whole-body glucose disposal (24.4 mol ⅐ min Ϫ1 ⅐ kg
) in our patients fell below the lower 20th percentile (with individual values between the 2nd and the 40th percentile) of the frequency distribution of M values in nondiabetic, normotensive, lean male subjects (nϭ373) selected from a large collection of clamp studies performed with use of a 30% lower insulin infusion rate (ie, 7 instead of 10 mol ⅐ min Ϫ1 ⅐ kg Ϫ1 ). 16 This marked insulin resistance clearly reflects the selection of patients with moderate to severe hypertension and overweight.
Although blood supply is reputed to be a limiting factor for insulin-stimulated glucose uptake in healthy subjects as well, 12 we reasoned that insulin-resistant patients would be more likely to benefit from the removal of any restraint to blood flow on account of their impaired insulin-induced vasodilation. In a previous study, 9 we showed that increasing forearm perfusion with adenosine did not improve metabolic insulin resistance in overweight patients with essential hypertension. However, different vasodilatory stimuli may act at different sites (deep versus superficial tissues, small versus medium-size arterioles, nutritive versus nonnutritive vessels); in particular, adenosine might not reproduce the vasodilation that occurs during systemic hyperinsulinemia. The mechanism(s) by which insulin relaxes vascular smooth muscle have recently been investigated in a series of elegant studies, which collectively indicate that insulin-induced vasodilation depends on an adequate endothelial NO synthesis. 10, 17, 11 The choice of sodium nitroprusside for the present experiments aimed at mimicking more closely the vasodilation elicited by insulin in normal individuals. We did not use acetylcholine to stimulate NO synthesis because both essential hypertensive patients 13 and obese individuals 14 have been shown to have a compromised acetylcholine-dependent vasodilation but a normal sodium nitroprusside vascular response. Because this vascular defect results from inadequate endothelial NO synthesis, direct supply of NO through intra-arterial sodium nitroprusside infusion should bypass any dysfunction of NO synthesis. In addition, it is pertinent to recall that in essential hypertension, acetylcholine-induced vasodilation is not entirely abolished by L-NMMA infusion, suggesting that this compound also activates an NO-independent pathway. 15 In our experiments, particular attention was given to fulfill the requisites for the measurement of forearm metabolism from A-V balances. 18 As shown in Fig 1, blood flow was measured and blood samples were collected under quasi steady state conditions for both local glucose uptake and blood flow. Strain-gauge plethysmography has been criticized because of its low accuracy. However, the good correlation between forearm and whole body glucose uptake in both forearms in our subjects indicates that the method provided sensitive and reliable estimates.
During forced vasodilation with intra-arterial sodium nitroprusside, we did not observe changes either in oxygen or in glucose uptake by forearm tissues. We can thus conclude that at high physiological levels of plasma insulin, blood flow is not rate limiting for oxygen and glucose forearm uptake in insulin-resistant patients with essential hypertension. With use of the experimental data of fractional glucose extraction and blood flow, this degree of vasodilation would be expected to induce an average 9% improvement in forearm glucose uptake according to the A-V gradient dilution effect described by Renkin. 19 We failed to observe this difference; however, such a change is within the error of the balance technique, which, with our sample size, cannot detect differences lower than 15%.
From our data it emerges that forearm muscle metabolism is essentially independent of changes in FBF above baseline values: the increased blood flow simply dilutes the forearm gradient so that the product of FBF and glucose (ie, glucose uptake) remains approximately constant. Consequently, the relationship between FBF and glucose extraction, drawn in the same individual and for the same tissue, should take the form of a hyperbola. We indirectly tested this hypothesis by plotting the observed values of FBF and forearm glucose extraction for each patient (relative to the control forearm) (Fig 3) . It can be appreciated that despite the between-subject and betweenforearm variability, the experimental results fit the expected hyperbolic relationship reasonably well. This test provides further support for the conclusion that forcing vasodilation by directly providing NO to muscle tissues does not affect their intrinsic ability to extract glucose from plasma in response to physiological hyperinsulinemia. We recognize that our study group consisted of only a small number of male, middle-aged, overweight patients; therefore, we cannot exclude that specific subgroups of hypertensive patients with different clinical characteristics may respond differently to sodium nitroprusside infusion. In addition, flooding vascular tissues with NO may not correct the endothelial defect of essential hypertension and may not reproduce the physiological insulin-induced NO synthesis/release. Further experiments using different pharmacological tools and/or experimental designs are needed before the issue is definitely resolved. With this proviso, we conclude that in insulin-resistant subjects, increasing whole-tissue perfusion via an NO donor does not facilitate insulin action. . Those subjects whose glucose uptake improved fall above the hyperbola, whereas those whose did not fall below the curve. The experimental points show no evidence of systematic deviation from the hyperbola.
